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ABSTRACT 


The purpose of this study was to investigate the 
relationship between kinematic and kinetic parameters of the pole 
vault event determined from biomechanics cinematography procedures 
and direct measurements of horizontal and vertical force 
components in the vaulting box. Cinematographic records of a side 
view of the performance and simultaneous analog force data were 
obtained from two phase-locked Photosonics IPL cameras. The data 
films were analyzed to yield kinematic data, the translational, 
rotational and gravitational potential energy, angular and linear 
momentum, and horizontal as well as vertical forces throughout 
the vault. The force-time data was numerically integrated. The 
impulses were compared to the changes in momentum obtained through 
biomechanics cinematography procedures. The results indicate good 
agreement between the data computed from the cinematographic 
record of the vaulting performance and the concomitant forces and 


impulses measured in the vaulting box. 
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CHAPTER I 
STATEMENT OF THE PROBLEM 
Introduction 


Experimental biomechanics research of the pole vault event, 
has, in the past, relied primarily on biomechanics cinematography 
analysis. Although potential problems associated with this method 
were recognized, reliability of the derived data was largely 
assumed. To date only one study reported direct force and impulse 
measurements from the vaulting box (Barlow, 1973). However, only 
designated phases of the vault were involved. No comparison of 
results obtained from biomechanics cinematography with simultaneous 
direct eer measurements througnout the vault have been made. The 
present study was undertaken to compare data derived from biomechanics 
cinematography to criterion data obtained from piezoelectric force 


transducers. 


Purpose 


Tie purpose of the present study was to compare data 
derived from a two dimensional cinematographical analysis of the pole 
vault event to direct measurements of the horizontal and vertical 
force components acting on the tip of the pole throughout the vault. 


Furthermore, selected variables contributing to the overall 
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performance were computed and interpreted. 


Limitations 


The results of the study were presented and interpreted 
in light of the following limitations: 

(1) The limitations inherent to cinematographic data 
collection and analysis, more specifically the possibility 
of perspective errors, film graininess and distortions 
through the optical elements of the recording and/or 
projection devices. The location of proximal and distal 
end points of temporarily hidden segments had to be 
carefully estimated. 

(2) No correction was attempted for ‘out of the plane’ motion 
and rotation about any other but the transverse axis 
through the sagittal plane. 

(3) Use of the force summing device embedded into the pole 
vaulting box and the laminated foam insert designed to 
guide the pole tip to the exact measuring area altered 
the shape of the vaulting box and could have caused a 
loading error. 

(4) The sampling frequency of 100 frames per second for the 
force data did not allow accurate determination of the 
duration of the striking impulse. 

(5) The force transducers were designed to measure transient 
phenomena. However only static and quasistatic calibration 
were performed. The assumption was made that the 


calibration would apply to dynamic phenomena. 
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Delimitations 


The present study was delimited in the following ways: 
(1) Data were collected ona Single vault of one subject, 
a nationally ranked pole vaulter with a personal best of 
5md0m: 
(2) A two dimensional analysis based on a cinematographical 
record of movements in the sagittal plane was performed. 
(3) Force measurements were taken in the horizontal and 
vertical directions. 
(4) Only parameters listed under "Methods and Procedures" 
wou considered. 
(5) A sampling rate of 20 frames per second for the analysis 


of the film showing the vaulting performance was chosen. 


Definition of Terms 


Adjusted predicted height (Hay)- The predicted vertical 


rise of the center of mass based on the initial and final kinetic 
energy of the vaulter. 

Bendix Platen. The proper name of the digitizing board 
employed in the present study. 

Chord. An imaginary line through the tip and the end of 
the pole. 

Chordlength. A measure of the deflection or amount of 


bending of the pole calculated from the distance of the tip of the 


pole to the end of the pole. 
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CM. The center of mass of the body or body segment. 

Conversion factor. A dimensionless number converting the 
projected image size to real life size measure. 

High Point (HP). The time or position at which the center 
of mass reached its maximum elevation with respect to ground level. 

Impact. The time instant at which the tip of the pole 
contacts the vaulting box. 

Maximum Pole Bend (MPB). The time instant at which the 
measured chordlength reaches a minimum for a particular vault. 

Measured impulse. Impulse obtained from numerical 
integration of force-time data recorded in the vaulting box. 

Peak Vertical Extension Force (PVEF). The maximum 
vertical force acting on the tip of the pole recorded during the 
pole uncoiling phase and the associated time. 

Phase-lock. A special electronics circuit ensuring frame 
by frame synchronization of several cameras. 

Pole release. The time or position the vaulter releases 
the pole. 

Pole Straight (PS). The instant or position when the pole 
tseStraignt. 

Predicted height. Predicted vertical rise of the vaulter's 
CM based on the initial energy of the system at impact as 
calculated from biomechanics cinematography data. 

Predicted impulse. An impulse value obtained from changes 
of momentum as measured through biomechanics cinematography procedures. 

Push-off angle. The angle with respect to the horizontal 


of a line through the CM and the vaulter's top hand at the instant 


.2etubssog yiigetpofsgnfa gotrerosaotd figuovdd Darwen 26 


’ 7 - 
- ~ 


.tnomese bad 10 ybod on 0 22 

ony pntivevros ~sademgn 2asina i rom 
erwzanm wet it 

yotnas att Aotriw fe nolsheng: "0 omit Setet 
foveal brueryp of so0geey attw uaueail sunlit ett 
. ef? Yo att sit dotdw ta Pasdent omtd aT ETT 

xd anid {ews 


daidw 78 Ineteni mitt oT . (89M) heed ict 


tlusvy ~seluoltvec ot mamiain ¢eensds itgnstioig 4 
‘9 sefwonl §.gzi Lagan mh bewensht 
ot ontifuvev wif al belttoso? ated aml s-s0nct To note 

1) 4 re TEs 2 sina : 


| 
v 
Fat 
a 
=4 


b ax eleg ef) fa gif ond.cw gritos eset Paor, 
a +4 ; 4. LA ee ant tera, 4? 6AG port a 
bugyts 2ptnowfaets (etnene Ao wi -seat8 


-2g%ewso forevde bo nol teerrwwonye. sme 
225312 ajivev od aotaleto 10 onl? oft azegtan stoA 7 
ig ha 
~ : i : 7 
egartocn ve @neten? odT . (24) Ségtay se giak 

?, > 2 | 
ae 
tc gett feotirey bewathbets .tppisi a 2 <a 
26 Jacqml $6 mepaya af? Yo qorens feietet. ote ne 
.fieb yvlqeipotamanis apfaaicanoid ont 0s 


sea mots bantetdo splay oetuqmi nA 2 


so. We 


> 


ataostion st ot rr a idtw styas, oar 
teet2at ad? 2s. Bnet woh etrantuy ony bre 


eo <4, eek 


Fes 
7 


a eae 


i 
— “af 


when the pole is released. 
Striking force. The magnitude and direction of the force 
recorded when the pole first contacts the force summing device. 
Striking impulse. The area under the force-time curve 
for the duration of the initial force peak at impact. 


t(s). A specified time based on the occurrence of impact 
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CHAPTER’ EL 


REVIEW OF LITERATURE 


The pole vaulting event has been the subject of many 
coaching and research oriented publications. However, comparatively 
few articles attempt a biomechanical analysis of the event and even 
fewer report quantitative data. From a methodological point of view 


three approaches are seen as being prevalent: 


Le Investigators trying to isolate independent variables and 
estimate their empiric-statistic performance relevance based on a 
criterion such as the maximum vertical displacement of the vaulter's 
center of mass. Primary kinematic data are usually obtained from a cine- 
matographical analysis of the event. 

WOZNIK (et al)(1980) presented a non-deterministic model de- 
Signed to identify variables with a statistically significant influence 
on the dependent variable (performance criterion). A similar approach 
was chosen by STEBEN (1970) who used multiple regression techniques to 
determine the influence of selected variables such as: run-up velocity 
and take-off velocity on the performance. HAY (1967) analyzed factors 
that do influence the pole bend. Angle of take-off, horizontal take- 
off velocity and the horizontal distance between the top hand and the 


take-off foot were statistically significant. 
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2. Several researchers have reported kinematic and/or kinetic data. 
DILLMAN(et al)(1968) determined relative changes in kinetic and potential 
energies occurring during the vault. A nine segment model was used to 


compute the vaulter's center of mass. Kinetic energy was estimated from: 


where m equals the mass of the vaulter and Vy Wy are the horizontal and 
vertical velocities of the center of mass, respectively. The authors iden- 
tified the efficient use of initially available energy as being crucial. 
Predicted height (the height the vaulter would attain if the initial 
kinetic energy was transformed completely into potential energy) and 
adjusted predicted height (the predicted vertical displacement after 
Subtracting the final from the initial kinetic energy), in comparison to 
each other, and the actual maximum height of the center of mass provided 

a valuable tool to estimate the vaulter's ability to effectively use the 
available energy. HAY (1968) presented a "preliminary analysis of mecha- 
nical energy changes" throughout the vault. Translational and rotational 
kinetic energy as well as gravitational potential energy were computed 
for two vaults. Translational kinetic energy was calculated from mean 
linear CM velocities. Rotational kinetic energy was estimated by summing 
the contributions of fourteen body segments: 

Ty 22 (yl) 

where I represents the moment of inertia of the segmental center of mass 


about the body CM and w is the corresponding angular velocity. Results 
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were discussed and presented in graphical form. HAY suggested that a 
large rotational kinetic energy in the early swing phases of the vault 
and a large translational kinetic energy in the pole uncoiling phase 
Produce better results provided that the ratio between kinetic and po- 
tential energy at bar clearance is favourable. Based on the available 
literature the most comprehensive experimental study of the fibreglass 
pole vault was performed by BARLOW (1973). BARLOW analyzed selected 
kinematic and kinetic parameters using cinematography, a force plate 
under the take-off area and a strain gage instrumented vaulting box. 
Individual and statistically treated data for performance oriented groups 
and the total sample were reported. A brief summary of BARLOW's main 
findings was published (BARLOW, 1979). 

3. Several authors discuss mechanical factors influencing the 
pole vault performance or selected phases thereof. These publications, 
in general, do not present quantitative data but are concerned with theo- 
retical discussions of mechanically sound approaches to the analysis 
of the event. 

BERGEMANN (1979) discussed mechanical factors of relevance 
to the pole vault performance with respect to the traditional phases, 
Hang-Swing, Swing-Tuck, Extension, Pull-up and Push-off. WALKER (et a1) 
(1973) and VERNON (1974) attempted to computer-model the pole vault 
in order to isolate the influence of selected independent on the depen- 
dent variable (performance). VERNON's model was used to derive charts 
and equations designed to help the vaulter select the appropriate pole 
for his size and speed. Furthermore, an estimate of the potential per- 
formance, assuming perfect execution of the vault and the use of the 


proper pole, was obtained. STEPP (1977) presented an equation for the 
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‘energy budget of the pole vault' considering the following terms: 
- initial potential energy, 


- kinetic energy of translation at take-off, 


potential energy added by the take-off action, 


energy dissipated through internal friction, 


energy added due to the work done by the vaulter, 


- final kinetic energy at the peak of the vault. 
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CHAPTER III 


METHOD AND PROCEDURES 


The primary purpose of the present study was to determine the 
validity of Biomechanics Cinematography data collection and analysis 
procedures. Validation was sought because cinematography is.a non-invasive 
technique widely used as a source of data in situations where measure- 
ments that do influence the athlete or his environment cannot be obtained. 
This typically includes competitive situations. 

The validation of cinematographic procedures required a 
criterion measure to provide a basis for the comparison of results. In 
the present study direct force measurements in the vaulting box were 
performed. The vaulting box is the only surface providing ground re- 
action force to the pole and the vaulter after take-off. 

The experimental and analytical methods and procedures em- 
ployed in the present study are described and discussed under the 
following headings: (1) Data Collection; (1.1) Cinematographic Pro- 
cedures; (1.2) Force Measurements; (2) Analytical Procedures; (2.1) 
Subject Film Analysis; (2.2) Force Data Analysis; (2.3) Comparison of 


Cinematographic Data to Direct Force Measurements; and (3) Measurement 


Error. 
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Data Collection 


Cinematographic and force data were collected at Point Loma 
College, San Diego, California. The outdoor facility was equipped with 
a tartan runup and standard vaulting box and landing pits. The subject, 
a United States Olympic team member (1980) with a personal best of 5.5 m, 
was 22 years old, weighed 820 N and was 1.84 m tall. A Skypole 16-175-B 
Flex 7.1 was used for the analysed vault. 

The vaulter was given a sufficient number of trials for warm- 
up and to familiarize himself with the experimental procedure and the 
modified vaulting box. No markings or any restrictive equipment were 


placed on the vaulter. 


Cinematographic Procedures 


Two Photo-Sonics 1PL pin registered and phase-locked 16 mm 
cameras were used for the cinematographic data collection (Figure 1). 
Camera one recorded the side view of the entire performance. It was set 
40 m from and perpendicular to the plane of motion. The optical axis 
intersected the plane 2.5 m from the end of the vaulting box closest to 
the pit. The camera was levelled 2.0m above ground level. 

The frame rate of 100 frames per second and a shutter angle 
of 15° produced an exposure time of 1/2400 s. The Angenieux 12 - 120 
zoom Jens was set at 35 mm which gave a field of view encompassing the 
penultimate runup stride and the entire vault. A 3.0 m segment of the 


uprights was used as a reference for the conversion of image to life 


size coordinates. 
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Camera #1 recorded the analog force transducer output dis- 
played on a Tektronix 465 oscilloscope. The exposure time was 1/2400 s 
(15° at 100 frames per second), the oscilloscope - camera distance was 
16 m. | 

Cameras #1 and #2 were connected through a phase-lock system 
that ensured frame by frame synchronization. Furthermore, one timing 
light generator produced light marks on the edges of both films. These 
marks were used for precise frame rate determination and event matching. 
The flash frequency was set at 10 Hz and switched to 100 Hz for 0.1 
second after the cameras had reached operating speed. This procedure 
allowed the determination of a common frame for each camera and perfor- 
mance. Both cameras used Ektachrome 7239 colour film rated at 160 ASA. 


Light measurements were taken with a Pentax 1° Spotmeter V. 
Force Measurements 


Horizontal and vertical force components in the vaulting box 
were measured throughout the vault using two PCB 208A04 piezoelectric 
force transducers. Compressive stresses on the quartz element produced 
a positive output voltage, A V, directly proportional to the input 
measurand. Built-in miniature amplifiers yielded low impedance, high 
level output (Figure 2). The transducers were driven by two PCB 480A 
DC power supplies through shielded coaxial cables (Figures 2 and 3). 

The sensitivity of the transducer measuring the horizontal force com- 
ponent was given by the manufacturer as 1.1758 mV/N. The corresponding 
value for the vertical force transducer was 1.2455 mV/N. A special force 


summing device that fit into a standard pole vaulting box was designed 
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PCB 480A POWER SUPPLY 
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TEKTRONIX 465 OSCILLOSCOPE 


FIGURE 2 
STANDARD MEASUREMENT CHAIN FOR DYNAMIC FORCES 
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and machined to the mounting specifications of the transducer manu- 
facturer (Figure 4). 

The analog force signal was fed directly into a Tektronix 465 
oscilloscope operating in X-Y display mode. Scope sensitivity was set 
at 0.5 volts per division. For the force measurements throughout the 
vault, the force summing device was secured into the vaulting box. A 
high density foam insert was snaped and laminated to guide the pole tip 


to the exact measuring area. 


Analytical Procedures 


The data films were edited and matched such that frame X in 
the subject film corresponded to frame X in the oscilloscope film. The 
image was projected onto a Bendix Platen using a TRIAD VR/100 pin 
registered film analyser. The Bendix Platen was interfaced to a HP9825B 
desk top computer via a HP9864A digitizer. The primary accuracy of this 
system as reported by the manufacturer allowed determination of car- 
tesian coordinates accurate to 0.036 cm. The projected image was aligned 
with the internal axis of the Bendix Platen. 

The precise frame rate was determined using the light marks 
produced by the timing light generator on the edge of the films at 
0.1 second intervals. Both cameras operated at precisely 100 frames per 


second in phase-lock mode. 


Subject Film Analysis 


A 3.0 m section of the uprights was used to compute the 
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LEGEND: 


All measures are given in inches and degrees. 
VV : These surfaces are flat to within 0.001 TIR 125 winch surface finish. 


X : PCB 208A04 piezoelectric force transducers. 


FIGURE 4 


ASSEMBLY DRAWING OF THE FORCE SUMMING DEVICE 
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correction factor from projected image size to real life size. The en- 
tire performance from the penultimate stride to post bar clearance was 
digitized at five frame intervals. Each frame required input of the pro- 
ximal and distal X and Y coordinates for the following body segments: 
head and neck, trunk, as well as right and left upper arm, lower arm, 
hand, thigh, leg and foot. In addition five points along the pole (end 
of the pole, top hand, bottom hand, mid-pole and box) and the location 
of the cross bar were digitized. The data digitizing and storage pro- 
gram was set to store all raw data points on magnetic tape for subse- 
quent analysis. 

Massachusetts Institute of Technology 'Humanscale' data 
(Figure 5)(Table I) for the location of the segmental CM relative to the 
proximal end point and the percent mass of the segment were used to 
compute the segmental and total CM (Diffrient, 1974). Moments of Inertia 
for the segments about a transverse axis through their CM were taken 
from Dapena (1978)(Table II). 

Analysis of the subject film entailed quantification of the 
following parameters: 
(1) Horizontal, vertical and linear velocities (m/s) of the segmental 


and body CM's between frames x and xt] 


Pg RE gy bo Se, 


V 

Ant 
where: 
Vv = average velocity of a point between adjacent frames; 
X,Y = cartesian coordinates of a point in frames x and xt]; 
6 = conversion factor converting displacement to life 


size units. 
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FIGURE 5 
MIT HUMANSCALE DATA FOR RELATIVE POSITIONS OF THE 
SEGMENTAL CENTERS OF MASS 
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MIT HUMANSCALE: RELATIVE MASSES OF THE BODY SEGMENTS 
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TABLE II 
MOMENTS OF INERTIA ABOUT THE TRANSVERSE AXIS 
THROUGH THE SEGMENTAL CM 
(Dapena, 1978) 


Segment 


Head 


Upper Arm 


Forearm 
Hand 
Trunk 
Thigh 
Lower Leg 


Foot 


2] 


iS 


ii JJ9AT ae 7 rt : 
21K JORWARART JWT THOR ATTRINE 30. 27k 
ys 


mi «JAPON? «6 «INT WRUORHT 


(Stel , sega) 


a 
I 
wet isqqu 
. 
mest | 


22 


(2) Horizontal, vertical and linear momentum (Ns) of the vaulter 


M = (m)) Voy 

where: 

M = momentum; 

My = mass of the Vaulter; 

Vow = velocity of the center of mass. 


angular velocity of segment i; 


E 
i} 


mM) 2M, = Slope of the line through proximal and distal joint 


centers of segment i in frames x and x+1 obtained 


from: 
P -D 
m Ea bey 
ee My 
where: 
m = slope of the line through proximal and distal segmen- 


tal endpoints; 
Py 2D oP oD, are the proximal and distal x and y coordinates of 
the segment. 


(4) Translational kinetic energy (Joule) of the vaulter 
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where: 
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¥. 


translational kinetic energy; 

mass of the ith segment; 

_ are the horizontal and vertical velocities of the 
neat CM between frames x and xt]. 


(5) Rotational kinetic energy (Joule) 


rotational kinetic energy; 
moment of inertia of segment i about the transverse 
axis through the segmental CM; 


angular velocity of segment i between frames x and xtl. 


(6) The total kinetic energy of the vaulter (Joule) 


14 
Be Oar 
j= 
where: 


T 
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total kinetic energy comprised of translational and 


rotational components. 


(7) Gravitational potential energy (Joule) 


Tg) = my gh 

where: 

Tg) = gravitational potential energy; 

my = mass of the vaulter; 

g = acceleration due to gravity; 

h = height of the vaulter's CM above ground level. 
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(8) Total angular momentum (Kg m/s) of the vaulter 


as 14 = a 5 

ie ‘ int [ al mene =a] 

where: 

Hy = average total angular momentum of the body between 
frames x and xt+1; 

I. = moment of inertia of segment i about the transverse 
axis through its CM; 

Ws = average angular velocity of segment i between frames 
x and xt+1 about its CM; 

m. = mass of the ith segment; 

‘ = distance between the axis of rotation and the CM of 


segment i between frames x and x+1; 
i/A = average angular velocity of the CM of segment i about 
the axis of rotation between frames x and x+l. 
I. Ws is the local angular momentum of segment i, Te yin 
is the transfer term or remote angular momentum about the axis 
of rotation. 


The cinematographic raw data were smoothed using the finite 


differences method, a local approximation technique providing formulae 
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to compute first and second derivatives of functions (Miller/Nelson, 1973). 


Furthermore a cubic spline function was employed. A third degree poly- 
nomial was fitted through user defined points. The curve was integrated 
for each interval (x. - Xeaq)s differentiated for each y = f (x) and 


interpolated. 
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Force Data Analysis 


The film obtained from camera two was used as data source for 
the forces acting on the tip of the pole in X and Y directions through- 
out the vault. The analysis program first aligned the oscilloscope grid 
with the internal X and Y axis of the digitizing board. A correction- 
factor based on the projected image size was computed. The X,Y coordi- 
nates of the input point representing the instantaneous X,Y force com- 
ponents were digitized at one frame intervals and converted to force 
values in Newtons adjusted for the different sensitivities of the trans- 
ducers. Numerical output and graphs of the horizontal, vertical and re- 
sultant force were provided. Temporal and quantitative data were taken 
from the raw data which were subsequently processed through the cubic 
Spline program. The following parameters were determined: 

@ 
(2 


) Duration of application of horizontal and vertical forces (s); 
) 
3) The peak horizontal force (N); 
) 

) 


The time at which the maximum vertical extension force occurred (s); 


~—_™ 


(4) The peak vertical extension force (N); 

The horizontal striking impulse was computed by assuming a triangular 

peak over a period of 0.01 second; 

(6) The horizontal and vertical impulses for the entire vault and speci- 
fied phases thereof were obtained through numerical integration of 
the force-time data: 

t2 
Impulse = JS. F (dt) 
t] 
(7) Numerical and graphical output of the force-time history of the 


entire performance was provided. 
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Comparison of Cinematographic Data to Direct Force Measurements 


The comparison of data derived from biomechanics cinematography 
procedures to data obtained through bi-axial force measurements in the 
vaulting box was performed using the following procedures: 

(1) The total momentum (Ns) of the vaulter, accounting for the rotational 


component was computed as: 


14 


Mcq)= (my)Vony + ie e acm 54/cn] 


MT) = total momentum; 


my = mass of the vaulter; 

Vow = average velocity of the CM between frames x and xt]; 
m. = mass of the ith segment; 

Ta7eM = average distance of the segmental CM to the body CM; 


470M = angular velocity of the segmental CM about the body 
CM between frames x and xt+l. 


(2) The change in momentum was obtained from: 


AM = M - M 
rpares (iy PeCaT TAM 
2 ] 
where 
AMT) = change in momentum; 


t) >to = two distinct times limiting the interval over which 
the change in momentum was computed. 
(3) The difference between the impulse measured in the vaulting box and 


the resulting change in momentum was computed by subtracting the 
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change in momentum determined from the cinematographical analysis from 


the impulse obtained from the direct force measurements: 


td 
ee = er acy a 
ae AH ey nue MT), 
2 1 
where: 
E = absolute error of the changes in momentum as obtained 


from biomechanics cinematography procedures with res- 


pect to the criterion force measurements. 
Measurement Error 


The magnitude and impact of random and systematic errors depend 
upon the method and procedures employed in any specific study and the 
parameters to be quantified and derived. In the following section poten- 
tial sources of errors are identified, discussed and, in some cases, ope- 
rationally defined. The actual absolute and relative errors incurred in 
this study are reported in Chapter IV. 

An assessment of the performance characteristics of the measure- 
ment chain employed to record and digitize the horizontal and vertical 
force components in the vaulting box was made to estimate the error asso- 
ciated with the criterion force measurements. The PCB 208A04 piezoelec- 
tric force transducers were calibrated by the manufacturer: linearity 
was tested in a range from 0.0 to 4.5 KN and was reported to be better 
than 1%. Hysteresis was less than 1%. 

The operator precision in digitizing the analog force signal 


was assessed from repeated measures. Each digital force value was ob- 
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tained by digitizing the analog force signal which was displayed as a 
point on the oscilloscope. This point represented the magnitude and 
direction of the resulting force vector. Each measurement had an abso- 
lute uncertainty caused by the size of the displayed point and/or its 
peer icra change during the exposure time of the film. This uncertainty 
was independent of the magnitude of the horizontal and vertical force 
components and was referred to as resolution limit of the force data 
analysis. 

The two basic sources of error inherent in cinematographical 
analysis are time error and displacement error. Time error is caused 
by inconsistent or incorrectly determined frame rates and results in 
systematic or random errors when derivatives with respect to time are 
computed from the displacement data. Displacement error is caused by 
incorrect determination of the X,Y coordinates of a point in successive 
frames. Factors that aggravate displacement error include: poor film 
quality, distortion through the optical elements of the camera and pro- 
jection systems, incorrect determination of the conversion factor and 
the fact that coordinates of temporarily obscured segments have to be 
estimated based on the segment's location in adjacent frames. Further- 
more, the anatomical input data for the location of the segmental CM's 
with respect to the proximal endpoint, the percent body mass of each 
segment and the data for moments of inertia of each segment about the 
transverse axis through the segmental center of mass are derived from 
statistical analysis and cadaver studies; they do not necessarily re- 
flect the individual characteristics of the subject. 

In the present study, operator error was operationally defined 


as the researcher's ability to precisely determine the proximal and 
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distal coordinates of any body segment. The precision of the researcher 
was estimated from repeated digitization of all input points from frames 


#20 and #39 of the subject film. The average mean error was obtained from: 


| (XH) # OG)? 
1 


+ 4= 
Ey= 2 151 i 
n 
where: 
ED = average mean absolute error; 
X. = mean measurement at time 7; 
n = number of measurements; 


Abe 2s are the first and second measurement taken at time i. 
The effect of the error in reproducing a number of single input points 
On the computed location of the total body CM was assessed through com- 
parison of the resulting X and Y coordinates of the center of mass. 

The influence of smoothing the raw displacement data on the 
Subsequent computation of the first derivative was determined by inte- 


grating smoothed velocity-time data and comparing the results to the 


raw displacement data. The discrepancy was mathematically defined as: 


toe 
D= s V (dt) - ds 
a 
where: 
D = discrepancy between the displacement obtained from 


smoothed and integrated velocity-time curves and the 
raw displacement data; 

ta. 

S V(dt) = area under the smoothed velocity-time graph; 

tl 


ds = raw displacement data for the time interval t2 - tl. 
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The data derived from the cinematographical analysis should 
ideally match the criterion force and impulse measures obtained from the 
force summing device in the vaulting box. The difference between the 
measures , plus or minus the error of the criterion force data, was 
defined as the total absolute or relative error of the cinematographic 
analysis. The relative error was computed for each measurement based on 


the criterion force (impulse) measure: 


Eta cs “om 100 
J I 
where: 
ER = relative error; 
I = impulse measured in the vaulting box; 
AMT) = change in momentum as determined from biomechanics 


cinematography. 


The mean relative error was obtained from: 


n 
Beate) 
as r 

ia = i=] 

fs n 

where: 

ce = mean relative error; 

n = number of measurements. 


Similarly, the absolute error was defined as: 


E. =[.- AM(T) 
where: 
ES = absolute error of the changes in momentum computed from 


cinematographic data. 
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The mean absolute error was computed from: 


n 
be ES |) 
ix apie! 
a 
n 
where: 
E. = mean absolute error. 
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CHAPTER IV 


RESULTS AND DISCUSSION 


The results obtained from the present study are reported in 
graphical and tabular form. All raw data are contained in the respec- 
tive appendices. This chapter is subdivided into the following sections: 
(1) Phase Structure of the Pole Vault; (2) Kinematic Parameters; 

(3) Energy; (4) Force Measurements; (5) Angular Momentum; (6) Comparison 
of Data Derived from Biomechanics Cinematography to the Criterion Direct 


Force Measurements in the Vaulting Box; and (7) Measurement Error. 


Phase Structure of the Pole Vault 


The following phases of the performance were identified to 
provide an unambiguous temporal frame of reference, based on kinematic 
and kinetic parameters, for the presentation and the discussion of the 
results (Figure 6): 

(1) Impact (t=0.0s). The instant at which the pole makes contact with 
the force summing divice in the vaulting box. All times and time 
intervals are measured from impact. 
(2) Take-off (t=0.03s). The last visible foot contact with the ground. 
(3) Maximum Pole Bend (MPB) (t=0.55s). The time at which the pole reaches 


its maximum deflection as measured from a reduction in chord length. 
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(4) Peak Vertical Extension Force (PVEF) (t=0.78s). The instant at which 
the maximum vertical force component is measured during the pole 
uncoiling phase. 

(5) Pole Straight (PS) (t=1.01s).The time at which the pole is fully 
meee 

(6) Pole Release (PR) (t=1.31s). The instant at which the last contact 
between the pole and the vaulter is observed. Force application ceases. 

(7) High Point (HP) (t=1.47s). The time or position where the vaulter's 


CM has reached its maximum height above ground level. 
Kinematic Parameters 


A graphical representation of the velocity-time curves of the 
CM for the horizontal velocity, the vertical velocity and the linear 
velocity is presented in Figure 7. The following main trends were ob- 
served: The horizontal velocity reached a peak value of 8.02 m/s at the 
end of the positively accelerating phase of the last stride. During 
amortization and until take-off the linear velocity decreased to 6.8 m/s. 
At the same time the vertical velocity increased, due to the active take- 
off, to 2.5 m/s (t=0.03s). The maximum vertical acceleration in this 
phase was 23 m/s”. After take-off the horizontal CM velocity decreased 
at a rate of -8.9 m/s’. At maximum pole bend the horizontal acceleration 
was -5 m/s© and continued to decrease reaching values close to zero at 
approximately 0.83 seconds. Throughout the remainder of the vault the 
horizontal velocity varied from 1.7 m/s to 2.2 m/s (mean: 1.85 m/s). 
The vertical velocity after take-off dropped to 1.7 m/s (t=0.33s). At 


t = 0.6 seconds, the vertical CM velocity exceeded the horizontal velo- 
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city: The center of mass moved at an angle greater than 45° to the hori- 
zontal. The vertical CM velocity reached a peak of 3.8 m/s at the instant 
when the pole was fully uncoiled (t=1.01s). After the pole was straight 
and until the vaulter released the pole the average vertical acceleration 
was determined as -7.5 m/s”, The vertical acceleration after the vaul- 
ter broke contact with the pole was -8.6 m/s’, The error of the mean, 
compared to the acceleration due to gravity, was 12.3%. The vertical ve- 
locity at the instant when the pole was released was 1.74 m/s. The theo- 


retical vertical displacement after release obtained from: 


V 2 
Ay = yee 
2g 
where: 
Ay = theoretical vertical displacement; 
Vy = measured vertical velocity; 
g = acceleration due to gravity 


was 0.17 m. The measured vertical displacement in this phase was 0.115 m. 
The difference between the theoretical and actual vertical displacement 
was 0.015 m (8.8%). The linear velocity reached relative minima at 

t = 0.58 seconds (3.3 m/s) and t = 1.5 seconds (2.0 m/s) corresponding 

to the maximum pole bend and the time when the CM reached the peak of its 
flight curve. A relative maximum of 4.2 m/s was observed at the instant 


when the pole was straight. 


ENERGY 


Translational and rotational kinetic energy as well as gravi- 


tational potential energy and the total energy of the vaulter through- 
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out the performance are plotted versus time in Figure 8. At impact the 
kinetic energy of the system was 2444 J. Added to the initial gravita- 
tional potential energy this yielded a total kinetic energy of 3419 J. 
Assuming complete conversion to potential energy, the predicted vertical 


rise of the center of mass was: 


" T 
peta LU tr 
p mg 
where: 
Ho = predicted vertical CM displacement; 


Texy4 = initial kinetic energy; 

T(g)i = initial gravitational potential energy; 

mg = weight of the vaulter. 
Accounting for the final kinetic energy, defined as the amount of kinetic 
energy at the instant when the potential energy reached its maximum 


value, the adjusted predicted height was written as: 


Te eT Oe ee ieee 
ie ee 1 53.88 m 


ap mg 
where: 

Hap = adjusted predicted height; 
Teky¢ = final kinetic energy. 


The difference between adjusted predicted height and predicted height 

was 0.27 m. The difference between the actually achieved height of 4.66 m 
and the adjusted predicted height was 0.78 m. This is a measure for the 
net work done by the vaulter where the net work is defined as the total 


work done by the vaulter minus the energy converted to non-usable forms. 
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Hence: 
W = ae Lae eee 
where: 
Wo = net work done by the vaulter; 
Tr = total final energy of the system; 
ie = total initial energy of the system. 


Conversely, the work done by the vaulter is equal to the energy equi- 
valent of the difference between actually achieved height and the ad- 


justed predicted height: 


ee HH, 710.76 m 

mg 

where: 

mg = weight of the vaulter; 

H = actually achieved height of the center of mass. 


The rotational kinetic energy calculated from the rotation of each seg- 
ment about the transverse axis through its CM was found to have absolute 


values varying between 2.0 and 32.0 J throughout the vault. 


Force Measurements 


The force summing device in the vaulting box in conjunction 
with the display and recording devices allowed measurement of horizontal 
and vertical force components throughout the vault at 0.01 second inter- 
vals. Graphical representations of the horizontal force, the vertical 
force and the resultant force are given in Figures 9,10 and 11 respec- 
tively. The peak horizontal striking force, measured when the pole tip 


made contact with the force plate, was 3734 N. The horizontal force 
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varied in a range from 700 N to 900 N from t = 0.04 seconds to t = 0.29 
seconds. A relative maximum was observed at t = 0.32 seconds followed 
by a constant drop to 33 N at t = 0.6 seconds. After maximum pole bend 
the horizontal force remained below 130 N. Application of force in the 
horizontal direction ceased at t = 0.98 seconds, three onehundredths of 
a second before the pole was straight at 89.5 degrees to the horizontal. 


At impact the vertical force component was 2021 N. The recorded vertical 


force varied between 160 and 350 N before reaching a first relative maxi- 


mum of 762 N at t = 0.31 seconds. Between t = 0.37 and 0.49 seconds 

the vertical force decreased to 200 to 350 N. A fast increase (t=0.62s) 
was followed by a moderate rise to the peak vertical extension force of 
1322 N (t=0.78s). Over the interval t = 0.6 to 0.95 seconds the vertical 
force recorded exceeded the body weight of the vaulter. After the pole 
reached the initial unbent position and until the vaulter broke contact 


with the pole the force reading fluctuated between 0.0 and 150 N. 


Angular Momentum 


The angular momentum of the vaulter about the transverse axis 
through the center of mass is plotted versus time in Figure 12. The com- 
ponents, namely moment of inertia and angular velocity are graphically 
represented in Figure 13. During the final stride prior to take-off; 


2 


moments of inertia of 10 to 12 Kgm™ were measured. After impact and un- 


til t = 0.275 seconds the moment of inertia increased to a maximum of 
fo Kg. In the following phase of the vault the athlete decreased 
the moment of inertia in order to facilitate the transition from the 


hang to the inverted hang position. The rock-back phase was completed, 
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as indicated by the smallest moment of inertia value (3.5 Kam“), 0.11 
seconds after the pole was maximally bent. From this instant on, and un- 
til after the pole was released (PR at t=1.31s), an increase in the 
moment of inertia to 12.1 Kam, which was indicative of full body exten- 
sion, was observed. 

The angular velocity (wey) increased from values close to zero 
radians per second to a relative maximum of 5.3 rad/s between 0.475 and 
0.575 seconds (MPB). During the pole uncoiling phase om decreased, re- 
versing to a clockwise rotation at t = 0.85 seconds. Following pole re- 
lease, the angular velocity about the vaulter's center of mass varied 
between 3.0 and 4.4 rad/s (clockwise). The reversal of the direction of 
rotation was caused by gravity. From the time when the pole was straight 
until the vaulter released the pole the center of mass was not in line 
with the axis of rotation (the top hand). This caused an early dropping 
of the legs and resulted in a push-off angle of 127° to the vertical. 

The total angular momentum, comprised of the transfer and local 
terms, showed an increase to a maximum of 48 Kam@/s at t = 0.325 seconds 
followed by a decrease to -25 Kam@/s at the instant when the pole was 
Straight. After pole release the angular momentum varied between -28 and 


-38 Kgm“/s with a mean of 34 Kgm@/s and a standard deviation of 3.2. 
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Comparison of Cinematographic Data to Criterion Direct Force Measurements 


In the following section the results of the comparison between 
data derived from biomechanics cinematography procedures and criterion 
data obtained from direct force measurements in the vaulting box are 


reported. Table III summarizes the values of the predicted horizontal 
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TABLE III 
COMPARISON OF HORIZONTAL IMPULSE AS COMPUTED FROM CRITERION FORCE 
MEASUREMENTS AND BIOMECHANICS CINEMATOGRAPHY 
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absolute and relative error of the cinematographic data; 


LEGEND: 
EE, 


AMT) = change in horizontal momentum from time t=0.0s to t 
as determined from biomechanics cinematography; 

I, = horizontal impulse measured in the vaulting box; 

I, +S aes plus the estimated striking impulse of 24.5 Ns. 
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impulses (AM (Ty) and the impulses derived from the force measurements 
with and without consideration of the initial estimated horizontal 
striking impulse. When the horizontal striking impulse was omitted, the 
mean absolute difference was 15.4 Ns with a range of -47 to +7 Ns. This 
corresponded to an average relative error of 9.5%. Adding the estimated 
horizontal striking impulse of 24.5 Ns yielded an average absolute 
difference of 16.4 Ns ( -24 to +32 Ns );this corresponded to an average 
relative error of 5.2%. Negative values for the differences in Table III 
indicate that the measured impulse is smaller than the change in momen- 
tum computed through biomechanics cinematography procedures. Figure 14 
is a graphical representation of the comparison between predicted and 
measured impulses. Figure 15 illustrates the influence of the rotational 
component of the total momentum on the predicted impulse. 

Consideration of the striking impulse results in an overall 
smaller relative error of 5.4% as compared to 9.5%. However the mean ab- 
solute error is slightly greater (16.1 as compared to 15.4 Ns). This 
reflects the fact,that, in the case of the calculations considering the 
horizontal striking impulse, the larger absolute differences are found 
in the last part of the considered time interval. 

Figures 16 and 17 represent the absolute and relative diffe- 
rences between predicted and measured impulse values. The data suggest 
that consideration of the striking impulse results in a better approxi- 
mation for the time interval t = 0.0 to t = 0.3 seconds. Throughout the 
remainder of the vault the measured impulse minus the estimated hori- 
zontal striking impulse differed less from the predicted impulse. 

This indicates that the initial striking impulse was absorbed through 


internal friction .0.3 seconds after the pole contacted the vaulting box. 
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FIGURE 16 


ABSOLUTE DIFFERENCE OF CHANGES IN MOMENTUM OBTAINED FROM BIOMECHANICS 
CINEMATOGRAPHY AND HORIZONTAL IMPULSE MEASURED IN THE VAULTING BOX 


(I); I, +S = horizontal impulse and impulse plus estimated striking impulse) 
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FIGURE 17 


RELATIVE DIFFERENCE QF CHANGES IN MOMENTUM OBTAINED FROM BIOMECHANICS 
CINEMATOGRAPHY AND HORIZONTAL IMPULSE MEASURED IN THE VAULTING BOX 
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Vertical impulse and predicted change in vertical momentum were 
compared over the time interval when the vertical force measured exceeded 
the body weight of the athlete, namely over the interval t = 0.6 to 
t = 1.0 seconds. Table IV summarizes the results. The computed predicted 
and measured impulses are plotted in Figure 18; a graphical representa- 
tion of the relative and absolute differences is given in Figure 19. 

The mean absolute error of 12.1 Ns, with a range from -3 to +36 Ns, compares 
favourably with the corresponding error of the predicted horizontal im- 
pulse. However, the relative error is considerably larger with a mean of 


16.9% due to the smaller absolute values of the considered impulses. 
Measurement Error 


The static response of the vertical force transducer was tested 
before, during and after the experiment by recording the weight of the 
Subject hanging on the pole. The measured force of 835 N,in the range 829- 
838 N, was within 1% of the actual weight of the subject plus pole. The 
determination of the impact force at t=0.0 seconds had an uncertainty 
of 200 N or 4.7% of the resultant force. This was caused by the large 
magnitude (4.2 KN) and short duration (At < 0.2s) of the impact force 
which caused movement of the analog display during the exposure time of 
1/2400s. An indication of the measurement accuracy of the horizontal 
and vertical force components with respect to each other was obtained 
from the following computations: At impact the angle of the pole with 
respect to the horizontal, as determined from cinematography, was 200. 
The simultaneously recorded horizontal and vertical force components 


in the vaulting box were 3734 N and 2021 N respectively. The angle of 
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TABLE IV 
COMPARISON OF VERTICAL IMPULSE AS MEASURED WITH BIOMECHANICS 


CINEMATOGRAPHY AND FORCE TRANSDUCER 


change in vertical momentum from time t=0.6 seconds to t; 
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vertical impulse measured in the vaulting box; 


absolute and relative errors respectively. 
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FIGURE 18 


COMPARISON OF THE CHANGE IN VERTICAL MOMENTUM OBTAINED FROM BIOMECHANICS 
CINEMATOGRAPHY AND VERTICAL IMPULSE MEASURED IN THE VAULTING BOX (I,) 
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FIGURE 19 


ABSOLUTE AND RELATIVE DIFFERENCE BETWEEN FORCE PLATE MEASURED VERTICAL 
IMPULSE AND CHANGE IN VERTICAL MOMENTUM OBTAINED FROM BIOMECHANICS 
CINEMATOGRAPHY 
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the resultant force vector was thus 28.4° to the horizontal. The diffe- 
rence between the direction of the force vector and the long axis of 

the pole was 16° (5.3%). Throughout the remainder of the vault the 
maximum absolute error associated with the resolution limit, as assessed 
Profttvapasted measures, did not exceed 2.5 N. The relative error intro- 
duced through the process of converting the analog signal to digital 
values representing the measured instantaneous forces was a function of 
the absolute magnitude of the forces. The maximum relative error comprised 
the measurement error of the transducer (714) and the error introduced 
through the resolution limit of the force data analysis. The maximum 
relative error exceeded =5% for forces smaller than 28 N and remained 
within t2% for forces greater than 250 N. 

The accuracy of the computed horizontal, vertical and linear 
impulses depended on the magnitude of the absolute force value, the 
accuracy of the timing light generator (70.01%) and the numerical inte- 
gration of the force-time data. The error factor for solutions, computed 
by the cubic spline program used to obtain the integral, was given as 


+4 


where t stands for the time interval over which the integration was 
performed. In the present study this time interval was kept at 0.01 
seconds for all force measurements. The error incurred when computing 
the horizontal striking impulse was influenced by the uncertainty of 
the force measurements at times t=0.0s and t=0.01s. Furthermore, the 
sampling rate of 100 Hz was found to be insufficient to determine the 
precise time interval over which the initial impact occurred. At impact 
the horizontal force component was 3734 N. The next sampled value 


(t=0.01s) was 1170 N. The horizontal striking impulse was estimated 


by assuming a triangular peak on a rectangular base. 
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For the analysis of the subject film the researcher's precision 
was operationally defined as the ability to reproduce the coordinates 
of proximal and distal segmental endpoints. All errors are reported in 
life size units. Reproducability was checked during the actual analysis 
by digitizing frames #20 and #39 two times. The maximum error was found. 
to be Ens cm. The mean error was: Ee = £0.65 cm. Since the procedure 
to compute the total CM of the body tended to average and thereby re- 
duce the effects of random error in the single digitized input point, 
the X and Y coordinates of the centers of mass in the selected frames 
were reproduced well within 4G cm (Table V). The effect of smoothing 
the data through first differences and the cubic spline function was 
assessed by integrating smoothed velocity-time curves and comparing the 
results to the raw displacement data of the center of mass. Over the 
entire vault the difference was less than 1% (Table VI). For time inter- 
vals of 0.2 seconds the maximum absolute error in the predicted hori- 
zontal displacement was 5.0 cm; the maximum relative error was 8.3% 
(Table VII). The mean absolute error was 1.4 cm, the mean relative error 


was 4%. 
Discussion 


The main findings of the present study are discussed in two 
parts: the first part deals with the comparison between biomechanics 
cinematography data and the criterion force (impulse) measurements in 
the vaulting box, in the second part selected parameters that are rele- 
vant for the pole vaulting performance are discussed. 


The present study is, to the researcher's knowledge, the first 
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LV, (dt) 


ds 
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Frame 
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Vials} ural 
COMPARISON OF INTEGRATED HORIZONTAL VELOCITIES 
AND RAW DISPLACEMENT DATA OF THE CM 
OVER 2 FRAME INTERVALS (m) 


soa (dt) dx TNS (dt) -dx 
7 0.78 -0.01 
0.79 0.78 0.01 
0.79 0.82 -0.03 
1.08 1.03 0.05" 
0.61 0.60 0.01 
0.52 0.53 real 
0.46 0.43 0.03 
0.37 0.35 0.02 
0.29 0.30 -0.01 
0.24 0.26 “60 
0.21 0.20 0.01 
0.18 0.19 -0.01 
0.20 0.19 ; 0.01 
0.18 0.17 0.01 
0.17 ‘ipgily 0.00 
0.18 0.17 0.01 
0.18 0.19 -0.01 
0.19 0.19 0.00 
0.19 0.20 -0.01 
0.20 0.19 0.01 


integrated, smoothed velocity-time data between frames 
xX and xtl; 
raw data displacement over the same time interval; 


maximum absolute (*) and relative (+) errors. 
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attempt to match data from two independent measurement systems to de- 
termine the validity of biomechanics cinematography data collection and 
analysis procedures through a comparison to direct force measurements 
in the pole vaulting event. In light of the fact that the changes of 
momentum of the pole vaulter throughout the vault must be derived 
through a number of error magnifying computations, the total absolute 


and relative errors incurred in this study are acceptable to the re- 


searcher. On the basis of the reported. results and within the limitations 


of this study it can be stated that careful adherence to the procedures 
of biomechanics cinematography results in data that compare very well 
to the criterion force (impulse) measurements. Highly developed data 
acquisition and analysis instrumentaticn in biomechanics cinematography 
enable the researcher to gather comprehensive and relevant data through 
a non-invasive method in competitive situations. However, biomechanics 
cinematography procedures are susceptible to various errors which can 
easily increase to unacceptable orders of magnitude when parameters are 
derived through single or double differentiation of displacement data. 
Therefore independent simultaneous measurements of relevant parameters 
such as forces or accelerations are valuable as an outside criterion 

to assess the accuracy of the cinematographic analysis. 

The stated limitations and delimitations of the present study 
do not warrant the formulation of generalized statements about the pole 
vaulting event on different levels of performance. The researcher 
rather tries to point out how relevant information may be extracted 
from the presented data. 

The initial kinetic energy at take-off, the efficient utili- 


sation of the energy and the work done by the vaulter are important 
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parameters for a successful vault.. For the analysed vault the initial 
kinetic energy was 2444 J. This value compares unfavourably to the 

3240 J measured in a competitive vault (5.5 m) of the same subject and 
must be considered as a partial explanation for the difference in the 
sentare ndign il Dillman (1968) operationally defined two variables 
that are used as indicators for efficient energy utilisation. The 'pre- 
dicted height’ is the vertical rise of the center of mass based on the 
assumption that the kinetic energy at take-off is completely converted 
to potential energy. The ‘adjusted predicted height' accounts for the 
final kinetic energy at the instant when the vaulter has reached the 
peak of his flight curve. Efficient use of initially available energy 
thus means that the vaulter must keep the difference between the total 
energy and the gravitational potential energy at the high point small. 
This is achieved by reducing the kinetic energy at this time to the 
smallest possible value required for bar clearance. Data reported by 
Dillman (1968) and the analysis of a world record performance by the 
author (Gros, 1981) suggest that a horizontal velocity of approximately 
1 m/s is sufficient for bar clearance. In the analysed vault the athlete 
had a final kinetic energy of 220 J. This is equivalent to a 0.27 m 
vertical displacement. The subject could gain 0.21 m in height through 
more efficient energy utilisation. The net work done by the vaulter 

can be estimated by subtracting the total initial kinetic energy from 
the total final energy of the system. The net work done by the vaulter 
in the specific vault under investigation was 621 J which is equiva- 
lent to a vertical rise of the center of mass of 0.76 m. All three 
parameters, the initial kinetic energy, the efficient energy utilisation 


and the work done by the vaulter combined can be used to evaluate a 
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vault and detect factors that limit the performance. 

The angular momentum of the vaulter about the center of mass 
and its components, namely moment of inertia and angular velocity, are 
indicative of the vaulter's behaviour on the pole. Changes in body 
configuration Such as extension or tuck as well as the result of those 
movements become transparant. In the analysed vault the moment of inertia 
versus time graph clearly shows the hang phase, the shortening of the 
pendulum where the upper hand is considered to be the axis of rotation 
and the body tuck or rock-back position. Since angular momentum data 
has not been reported in the literature to date, a comparison to other 
vaults is not possible. The subject of the present study does not reach 
a fully inverted position which could be caused by a late or insufficient 
decrease of the moment of inertia, or too early leg extension into the 
J position after rock-back. The center of mass is not directly in line 
with the axis of rotation. Thus the legs and upper body drop which finds 
its ultimate expression in a very low push-off angle of 127 degrees. 
Bergemann (1978) reported values of 132°, 165° and 164°. The subject 
of the present study reached 145° in a competitive vault (5.5 m), 150° 


was measured in a 5.7 m vault (Gros, 1981). 
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CHAPTER V 


SUMMARY AND RECOMMENDATIONS 


The purpose of the present study was to investigate the 
relationship between kinematic and kinetic parameters of the pole vault 
event determined from biomechanics cinematography procedures and direct 
measurements of horizontal and vertical force components in the vaulting 
box. Simultaneous cinematographic records of the movements of the vaulter 
in the sagittal plane and the analog force signal from two piezoelectric 
force transducers, integrated in the force summing device in the vaulting 
box, were obtained. The film of the vaulting performance was used to 
compute the horizontal, vertical and linear velocities of the vaulter's 
center of mass, the translational, rotational kinetic and gravitational 
potential energy and the linear and angular momentum throughout the vault 
The horizontal, vertical and resultant force components were numerically 
integrated with respect to time. The resulting horizontal impulse was 
compared to the change in momentum of the vaulter from the time of im- 
pact to the time when the application of the horizontal force ceased. 
The vertical impulse was compared to the change in vertical momentum 
over that time interval, where the recorded vertical force exceeded 
the body weight of the athlete. 

When the initial striking impulse was considered, the mean 


difference between horizontal impulse predicted from biomechanics cine- 
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matography and the horizontal impulse measured in the vaulting box was 

16.1 Ns (5.2%). Omitting the horizontal striking impulse yielded an 

absolute difference of 15.4 Ns (9.5%). The average deviation for the 

predicted vertical impulse was 12.1 Ns (16.9%). Within the limitations 
of the study it was concluded that the use of sophisticated biomechanics 
cinematography data collection and analysis procedures is a viable and 
accurate tool for the determination of the parameters discussed in the 
present study. 

The following recommendations are made: 

(1) Acknowledging the potential sources of error inherent in cine- 
matographic analysis it may be desirable to employ alternative 
methods of data collection whenever feasible to check the accuracy 
of the analysis and, in certain cases, to provide information that 
cannot be obtained through biomechanics cinematography. 

(2) Replication of the present study on a number of vaulters and vaults 
would assess whether the methods and procedures employed are sus- 
ceptible to variations in these parameters. 

(3) The computational procedures used for the cinematographical 
analysis of the performance should be applied to several vaults in 
order to identify characteristics of successful performances and 


interpret these for coaches and athletes. 
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Raw Data 

Abbreviations: 

res : Total time 

dT : Time interval between successive frames 

XCM, YCM : X and Y coordinates of the center of mass 

Dns Dv DL : Horizontal, verical and linear displacements (m) 


Vis VL : Horizontal, vertical and linear velocities (m/s) 
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Finite Differences Data Smoothing © 


Abbreviations: 


1a 

dT 

XCM, YCM 
V1, V2 


Al, A2 


: Total time (t=0.0s at impact) 
: Time interval between successive frames 
: X and Y coordinates of the center of mass 


: Velocities obtained from first and second finite 


differences respectively 


: Accelerations obtained from first and second finite 


differences respectively 
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DATA SMOOTHING USING 1st and 2nd DIFFERENCES 
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APPENDIX C 


MOMENTUM 
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Angular Momentum About the Top Hand and the Center of Mass (Raw Data) 


Abbreviations: 

LOC : Local angular momentum 

Hh : Angular momentum about the top hand 

Wh : Angular velocity about the top hand 

Ih : Moment of inertia about the top hand 

Hem : Angular momentum about the center of mass 
Wem : Angular velocity about the center of mass 


Icm : Moment of inertia about the center of mass 
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Cubic Spline Approximations 
(Linear and Angular Momentum) 
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APPENDIX D 


FORCE AND IMPULSE 
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